An exotic species can appear in a community unexpectedly. It may therefore be necessary to decide quickly whether measures are required to mitigate the impact of the newly arrived exotic species on the native community. Here, I develop a collection of theoretical models that are intended to provide insight into the effects of newly arrived exotic pollinators on pollination systems. The models address the effects of the presence of an exotic pollinator on plant reproduction, including the both the degree to which seed set is pollen-limited and the level of outcrossing, and on numerical responses by native pollinator species, including switching of flower preferences by economically motivated flower visitors. The models are simplistic, but the majority have the virtue that their solution is feasible by using data that is easy to collect. The models provide first approximations that could be useful to ecologists and conservationists when they must guess the potential impacts of exotic pollinators. The results from the models should be interpreted under appropriate caveats by those who must make do with them until better information becomes available.
INTRODUCTION
An exotic species can appear in a community unexpectedly, thereby changing the original composition of the pollinator fauna. It may therefore be necessary to decide quickly whether measures are required to mitigate the impact of the newly arrived exotic species on the native community. This applies to exotic pollinators no less than to other types of exotic species. There is, of course, no substitute for thorough study as a basis for action. Nevertheless, in the absence of complete data, expedience may dictate that we take recourse in theoretical models to make first approximations to the gravity of the situation. Here, I identify some models that are largely based on convenient measurements that can begin to resolve whether an exotic pollinator is a cause for concern. For the most part, I take the plant's perspective and focus on whether the exotic pollinator is a threat to sexual reproduction in the plants whose flowers it visits, but I also address impacts on the original pollinator fauna itself. The series of possible measurements that I review are presented largely in order of their logistical difficulty. Taken collectively, the measurements may indeed constitute a thorough study, but even with limited resources, an interested agency should be able to progress through at least some of them with benefit.
ESTIMATING THE INFLUENCE OF AN EX-OTIC POLLINATOR
Once an exotic bee is observed visiting flowers, its potential as a pollinator can be evaluated. Simple observation is sufficient to determine whether the bee visits flowers legitimately and passes the flower's sexual parts, in which case it is a potential pollinator, or whether it is a nectar robber that accesses the nectary by biting through the base of the corolla (Inouye, 1980) . As nectar robbers, bees make no direct contribution to plant reproduction,
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Theoretical analyses of the impact of change in the composition of the pollinator fauna on a pollination system but they may affect it indirectly through their impact on floral rewards, which influence the behavior of other pollinators-this is considered in a subsequent section. It is possible for individuals of the same bee species to be either legitimate flower visitors or pollinators and it is then useful to determine the relative proportion of these activities.
In assessing the impact of an exotic bee's arrival, it is not greatly informative only to observe it visiting flowers legitimately; in addition, it is useful to know the bee's efficacy as a pollinator. A bee is likely to be an effective pollinator if during a visit to a flower it deposits enough pollen grains on the flower's stigma to fertilize a substantial portion of the flower's ovules. In making a first estimate of a pollinator's likely efficacy, a useful rule of thumb is 'Cruden's ratio', which stipulates that approximately three to five pollen grains are required to fertilize each ovule (Cruden, 2000) . By this rule, for example, we would guess (correctly; Mesquida and Renard, 1982 ) that a certain species of bumble bee, Bombus terrestris, is an effective pollinator of Brassica napus, because each bumble bee visit deposits approximately 150 pollen grains (Cresswell, 1999) and each flower has approximately 30 ovules. The number of pollen grains deposited during a single visit is conveniently measured by presenting a virgin flower to a foraging bee and then counting the number of pollen grains on the flower's stigma (Cresswell, 1999) .
A further property of a pollinator is its transfer efficiency, which is the proportion of pollen grains that it removes from anthers of a flower that it deposits on stigmas of the same plant species. A transfer efficiency of zero makes the pollinator a pollen robber and bees with a low transfer efficiency have been termed 'ugly pollinators' (Johnson et al., 1995) . In general, the transfer efficiency of insect pollination is approximately 1% (Harder and Thomson, 1989; Hoyle et al., 2007) , but 'ugly pollinators' achieve much less than this. Estimating the transfer efficiency of a pollinator requires quantification of the amount of pollen that it removes from anthers during a single flower visit. There are several techniques by which the pollen content of a flower's anthers can be quantified before and after flower visits and making counts requires either access to a particle counter or use of a haemocytometer (Kearns and Inouye, 1993) , which can be laborious, but in some cases simple weighing of anthers may enable gravimetric estimates of pollen removal to be made.
FREQUENCY AND EFFECTIVENESS OF IN-TERACTIONS BETWEEN FLOWERS AND AN EXOTIC POLLINATOR
In pollination systems generally, the most important pollinators of plants are those who visit their flowers most frequently (Vazquez et al., 2005) . This may emerge because pollinators are attracted most strongly to flowers that are adapted for pollination by them and because even a pollinator species that delivers relatively few pollen grains per visit will have a strong cumulative effect if the visits are frequent. Consequently, it will be very informative to determine two quantities: (a) the proportion of flowers that receive a visit from an exotic pollinator; and (b) the contribution to a plant's pollination of the exotic pollinator relative to the original pollinator fauna. It is possible to make first approximations of these two quantities from simple descriptive parameters of abundance and pollinator behavior as follows (Cresswell, 2008) .
To quantify D, the number of pollen deliveries made the exotic pollinator to a flower during its blooming period, let L denote the length of a flower's blooming period in hours and let V denote the rate at which an individual bee to visits the plant species' flowers in units of visits per h. If each exotic pollinator serviced one flower exclusively, the lifetime number of visits received by the flower would be LV; both of these parameters can be quantified by observation. However, each flower does not have exclusive possession of a bee's activities, because there are many flowers, and this diminution is expressed by the bee-to-flower ratio, B/F, where B is the number of bees per m 2 and F is the number of flowers per m 2 . In practice, B/F may be determined either by quantifying area densities in units or bees per m 2 and flowers per m 2 respectively or by estimating directly the proportion of flowers that are being visited by bees at any given time. The number of deliveries made to a flower in its lifetime by the exotic pollinator is then given by:
The proportion of flowers that receive a visit by the exotic bee, R, is then given by RϭD, if DՅ1 (Eq. (1)), and Rϭ1 otherwise.
CONTRIBUTION TO POLLINATION BY AN EXOTIC POLLINATOR
The importance of the exotic bee for a plant's pollination relative to the original pollinator fauna can be estimated initially by the proportion of a flower's pollinator visits that it contributes, I exotic . Let D i denote the lifetime number of visits made by the ith species in the original pollinator fauna. After evaluating Eq. (1) for each pollinator species, an estimate of the relative importance of the exotic bee is then given by:
The ecological relevance of the estimate of importance is improved by focusing on the relative proportion of pollen transferred by the exotic pollinator, I. The contribution of a pollinator to pollen delivery can be evaluated as the product of the rate at which it visits flowers and the amount of pollen it transfers per visit (Beattie, 1971; Primack and Silander, 1975) . Suppose that a single visit by the exotic pollinator deposits G pollen grains on a flower's stigma. The rate at which the exotic pollinator visits flowers is B/FH flowers per h and the estimated rate of pollen accumulation on a flower's stigma due to the exotic pollinator species, P grains per h, is therefore given by:
It is often straightforward to evaluate G by using an experiment in which virgin flowers are offered to reveal the number of pollen grains that a single bee visit deposits. If the number of pollen grains that a stigma requires for the flower to achieve full seed set is denoted S, the exotic pollinator alone is capable of removing pollen-limitation of seed set if:
A second estimate of the relative importance of the exotic bee species in pollination, I * exotic , can then be evaluated by comparison between P and the overall rate at which pollen accumulates on a flower's stigma, P T grains per h, as given by: (5) Furthermore, if we assume that pollen delivered by bees fertilizes seed in proportion to its relative abundance on stigmas, I * exotic evaluates the exotic bees' relative contribution to seed paternity. To evaluate P T , mark a cohort of flowers in bud, record the time of each flower's opening and then randomly select lowers at intervals and quantify the pollen accumulated on their stigmatic surfaces (Hayter and Cresswell, 2006) . P T is then determined by the average rate of pollen accumulation across the lifetime of the flower (but also see Cresswell, 2008) .
To compare the relative contribution to pollination of the exotic bee to that made by the original pollinator fauna, evaluate Eq. (3) for each species i in the original fauna and then compute I ** exotic :
In plant species with a high rate of autonomous self-pollination (Lloyd and Schoen, 1992) , pollination by flower visitors may be relatively unimportant. To evaluate this possibility, it will be helpful to compute the relative importance of animal pollination, which is given by:
In this section, I have looked at the contribution of an exotic pollinator to pollen transfer, but the deposition of a large number of pollen grains on a flowers stigma is not invariably indicative of a large contribution to a plant's sexual reproduction. For example, in plant species with highly secure incompatibility systems (Matton et al., 1994) , the deposition of self-pollen does not produce seed set. Therefore, obtaining better estimates of the importance of an exotic pollinator to plant reproduction
require a study of the patterns of cross-pollination and consequent seed fertilization that the pollinator produces, and methods for addressing this are considered in the next section.
CONTRIBUTION OF AN EXOTIC POLLINA-TOR TO SEED SET BY CROSS-POLLINA-TION
In this section, I consider the extent to which an exotic pollinator brings about cross-fertilization between two patches of flowers when it moves between them and thereby tranfers pollen. Here, the term 'patch' can be taken to refer to the floral display of either an individual plant or a plant population, because the underlying process of gene dispersal is identical. If the term 'patch' is taken to refer to a single plant's floral display, then the process of patch-to-patch pollen transfer brings about outcrossing; if 'patch' refers to a plant population, the same process brings about gene flow.
Hypothetically, in any particular patch of flowers, seed is set by both self-pollination and crosspollination. However, only a fraction of the seed set by cross-pollination will have paternity originating outside the patch, or 'foreign' paternity, because the spatial extent of cross-pollination is typically restricted (Levin, 1986 ) and a flower's nearest neighbors for exchanging pollen are within the patch itself. In effect, cross-pollination within a patch reduces the proportion of foreign pollen on the collective stigmas of a patch's flowers and, along with self-pollination, reduces the level of patch-to-patch gene transfer by a form of dilution. When a pollinator moves between two patches of flowers, the great majority of the foreign pollen on an its body is exhausted at the first few flowers it visits after arriving in the second patch (Lertzman and Gass, 1983) and, thereafter, the pollinator's visits to flowers in the second patch dilutes the incoming gene transfer. The effect of the joint contribution of pollinators to between-patch and withinpatch pollination can be modelled as follows (Cresswell et al., 2002; Cresswell, 2005; Cresswell, 2006) . Assume that each pollinator arriving at a patch of flowers fertilizes b fruits, of which y fruits are fertilized with foreign pollen. Among flowers visited by pollinators, the expected proportion of seed with foreign paternity is therefore y/b. The fraction of pollinators that arrive at the patch bringing foreign pollen is denoted E. If the fraction of flowers pollinated by insects is denoted by R, the fraction of a patch's seed resulting from gene flow, x, is given by: (8) A pollinator can bring about only low levels of patch-to-patch gene transfer for four reasons, each having its effect through one of the parameters in Eq. (8) that influence x. Thus, low values of x can emerge because the pollinator is rare (i.e. a low value of R; see Eq. (1)), or because individuals of the pollinator species seldom carry the plant's pollen (i.e. a low value of E). The pollinator may rarely carry the plant's pollen if it is not constant and its visits to flowers of other species remove or overlay the plants pollen from its body (Feinsinger and Tiebout, 1991) . Low values of x also emerge if the pollinator causes low levels of flower-to-flower cross-fertilization (i.e. a low value of y), or because the pollinator visits many flowers in a patch, which increases the extent to which foreign pollen is diluted by within-patch pollination. It is likely that y is related to the amount of pollen the pollinator carries and the quality of the mechanical fit between the flower's sexual architecture and the pollinator's body (Cresswell, 2000) . Currently, however, there are no general principles with which to predict y for a novel pollinator (Cresswell, 2006) , but it can be determined experimentally by measuring patterns of flower-to-flower gene dispersal. These experiments are relatively simple to conduct and analyze if genetic markers are available for assigning the paternity of seeds and the pollinator will visit flowers in captivity (Cresswell et al., 2002) . Otherwise, it may be possible to use small experimental arrays in the field and to restrict access to only a single series of visits from the pollinator of interest (Cresswell and Hoyle, 2006) . By comparison, it is simple to quantify the number of flowers that a pollinator visits in a patch, which is used to estimate b. Sampling protocols have been developed that make it possible to estimate b in even very large patches of flowers (Cresswell et al., 2002) . Where a patch of flowers is the display of an individual plant, increased values of b raise levels of geitonogamy (Klinkhamer and Dejong, 1993) and, where the plant is incompatible, they raise lev-
els of pollen wastage (Harder and Wilson, 1998) . Where a patch of flowers is a plant population, increased values of b reduce levels of gene flow. Based on Eq. (8), it is possible to explore the possible consequences for levels of patch-to-patch gene flow of a change in the composition of the pollinator fauna, such as the introduction and proliferation of an exotic pollinator. Consider a pollinator fauna comprised of species A and B, of which A contributes proportion I A of all visits to the plant's flowers. Each individual of species A (or B) arriving at the patch visits b A (or b B ) flowers before leaving. Individuals of A (or B) carry foreign pollen with probability E A (or E B ), and the foreign pollen they deliver sires seeds in the equivalent of y A (or y B ) fruits during a single bout in a patch. For simplicity, assume that both pollinators remain in a patch long enough to exhaust the marked pollen they carry, so that y A and y B are constants, and that both species are sufficiently abundant to visit all the flowers, i.e. R A ϭR B ϭ1. As a result, the proportion of seed in the patch arising from patchto-patch foreign gene dispersal is given by:
Unless the pollinator species are functionally equivalent (x A ϭx B ), three generic relations between the proportion of seed with foreign paternity, x A,B , and the relative abundance of species A, I, are possible, denoted types I, II, and III (Fig. 1) .
If species A is the superior cross-pollinator (i.e. E A y A ϾE B y B ), replacement of A by B (i.e. decreased I A ) invariably reduces the proportion of seed with foreign paternity, x A,B . However, x A,B is proportional to I A only when both pollinator species visit the same number of flowers in the unmarked patch (i.e. b B ϭb A ; Fig. 1, type II) . If, instead, species B has a shorter residence than A (i.e. b B Ͻb A ), replacement of the superior cross-pollinator, species A, by a 'weaker diluter' offsets the decline in x A,B (Fig. 1, type I) . In contrast, if species B has a longer residence than A (i.e. b B Ͼb A ), replacement of A by a 'stronger diluter' accentuates the decline in x A,B (Fig. 1, type III) . Thus, the impact on patch-to-patch gene dispersal of change in the composition of the pollinator fauna is complicated, because it depends on three attributes of each pollinator species (E, y, and b).
The arrival of an exotic pollinator is almost certain to have an impact on gene dispersal in plants, because it is unlikely that different pollinator species are functionally equivalent. For example, despite evident differences in their morphology, honey bees (Apis mellifera) and bumble bees (Bombus spp.) can deposit equivalent numbers of pollen grains during single flower visits and can cause similar patterns of flower-to-flower pollen transfer, which suggests that they have parity of y. Nevertheless, they can differ in the number of flowers they habitually visit at a patch. For example, honey bees visit less flowers than bumble bees at the floral displays of individual plants of B. napus (Cresswell et al., 1995) , which suggests that in a pollinator fauna composed exclusively of honey bees and bumble bees, a change in relative abundance would cause a type I response in plantto-plant gene dispersal, or outcrossing. In Fig. 1 , species A represents Apis and species B represents Bombus. The type I model in Fig. 1 indicates that the arrival of honey bees and their subsequent increase in relative abundance would increase outcrossing in B. napus. According to the figures given in Cresswell et al. (1995) , x A Ϸ1.5x B and, given these data, the models in Fig. 1 can be used to explore theoretically the impact of introduced honey bees on outcrossing in a bumble bee-pollinated species of Brassica. 
NUMERICAL RESPONSES BY THE ORIGI-NAL POLLINATOR FAUNA
A common type of pollination system is one where pollinators harvest a replenishing reward from flowers, such as nectar. In this type of system, any increase in pollinator abundance is likely to cause a reduction in the rate of reward uptake of individual pollinators, because the increase in the collective harvesting rate of the pollinator fauna will decrease the average reward offered by flowers to individual harvesters. Thus, if the arrival of an exotic pollinator increases the collective abundance of harvesters, there are likely to be reductions in the harvesting rate of individuals from the original pollinator fauna. If a pollinator from the original fauna depends critically on the rewards from the flowers of a particular plant species because it is highly specialized in its diet (i.e. monolectic or oligolectic), reproduction of the specialist pollinator could be compromized so that its numbers are reduced over time, which would be a form of numerical response. The relationship between harvesting rate and reproductive fitness of pollinators is seldom known, but it is possible to obtain some limited insight into the potential of an exotic pollinator by computing the extent to which it reduces the available rewards in a pollination system, which can be achieved as follows.
Assume that flowers of a particular plant species produce nectar at a constant rate of N ml/h. The collective rate of visits by the i species of the original pollinator fauna per flower is Í i B i V i /F. Assuming that all pollinators completely deplete a flower's nectar, then the expected standing crop of nectar in a flower, C, is the product of the expected interval between pollinator visits and the rate of nectar production, i.e. C is given by: (10) After the arrival of the exotic pollinator and assuming no change in the original pollinator fauna, the expected standing crop after the arrival of the exotic pollinator, CЈ, is given by: (11) Denote by DC the change in a flower's expected standing crop caused by the arrival of the exotic pollinator. The proportional reduction in standing crop caused by the exotic pollinator is then given by DC/C, which by using Eqs. (10) and (11) simplifies to I exotic (see Eq. (2)). In summary, under these assumptions the impact of the exotic pollinator on the harvesting rates of the original pollinator fauna is proportional to its relative abundance as a flower visitor. Doubtless, these assumptions will not be fully appropriate in all cases; some flowers produce nectar at a rate that declines with increasing standing crop (Harder and Real, 1987) , while some invasive pollinators will interact with original fauna behaviorally (Greenleaf and Kremen, 2006) , i.e. through interference competition, rather than indirectly through exploitation competition. These considerations among others (Possingham, 1989) provide interesting complications that are worthy of further consideration. Nevertheless, simple observations quantify I exotic using Eqs. (1) and (2), and this conveniently gives provisional insight into the exotic pollinator's impact on the resources available to the original fauna.
Theoretically, it is possible to predict whether an economically motivated harvester from the original pollinator fauna will desert the flowers of a plant species after the arrival of the exotic pollinator. Using classic foraging theory (Stephens and Krebs, 1986) , the diet composition of an economically motivated forager follows the 'zero-one' rule, where a particular prey type is invariably included in the diet provided that the forager experiences no reduction in its rate of economic gain by eating one of the type's items when it presents itself even without any need to search for it. Mathematically, this is expressed as follows. Let e denote the economic value of the prey type, let h denote the time required to eat an item of the prey type, and let G denote the rate of economic gain the forager obtains by foraging on other prey types currently in its diet. The classic 'diet model' (Stephens and Krebs, 1986) shows that the prey type is excluded from the diet when encountered if: 
To apply this model to the pollination system, I use Eqs. (10), (11) and (12) to show that species j from the original pollinator fauna will cease to visit a particular plant species, X, for nectar after the arrival of the exotic pollinator provided that: (13) where h j denotes the amount of time it takes an individual of pollinator species j to harvest the flower's nectar and G j denotes this pollinators rate of nectar uptake from flowers other than those of plant species X. Potentially, Eq. (13) begins to provide a way to predict the structure of plant-pollinator networks based on economic mechanisms, a programme that has begun in the theory of food webs (Beckerman et al., 2006) . Solving Eq. (13) will be difficult in practice if pollinator j visits a wide variety of flowers or collects either rewards that are difficult to extract and measure or mixed rewards, such as nectar and pollen. A solution to Eq. (11) may prove feasible in simpler pollination systems, however, such as those involving only a pair of plant species. The value of G will have to be adjusted to account for the increased density of harvesters that arises on non-X flowers if pollinator j ignores X.
Whether or not pollinator j ignores flowers of X may have important consequences for the plant species reproduction. Following Eq. (4), reproduction of X becomes pollen-limited if: (14) If reproduction is compromized sufficiently to lead to the plant species extinction, then cascades of secondary extinctions may result (Memmott et al., 2004) . Potentially, Eqs. (13) and (14) begin to present a way to predict from fundamental mechanisms the changes in pollination networks that result from the invasion of exotic species (Lopezaraiza-Mikel et al., 2007) .
